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SYI'IOPSIS 


In fine griiiding, specific energy, wheel wear 
and temperature rise appear to be directly related to the 
cutting forces. In grinding ^however, the effect of indi- 
vidual grains cannot bo accounted for since several grains 
are sljiiultane ously in contact. In order to analyse the 
mechanics of the grinding process, it is, therefore, 
imperative that the mechanics of chip formation with 
single abrasive grains be evaluated. One of the most 
Important pa-rameters is obviously the force that acts at 
tlie grain-chip interface. There are many difficulties in 
experlmientally measuring these forces since their magnitude 
is usually very small (1/2 kg or so) and tho duration in 
most cases is less than 100 //sec. 

In the present work it has been shown that a pie so 
electric accelerometer can be successfully used for aiea- 
suring these forces. It has also been shown that the 
displacement of the accelerometer i.s proportional to the 
input force and that the dynamometer can be calibrated 
by dropping a ball from know'n heights, 

Ove rcutfcv flymilling e^cpe rime nts inddcate 
that the tangential force on a grain varies approxiJiia- 
tely linBaily with the chip cross-section nrea. The 
specific energy and: shear force increase with decrease 
ill chip size in a siiiilar^^^ reported earlier for 



fine grinding Ifermal or contact stress on the other 
hand remains more or less constant with chip t hicknoss 
except in the range of very fine chip thickness where 
it increases with decreasing chin size 

In this regards j the over cut flymiiling technique 

where a single abrasive grain is mounted on the periphery 

1 

of an alumin^ disc and used as a grinding ^heel appears 
to bo very useful This closely approximates fine 


grinding conditions 



CHAPTER I 


I 1 0 INTRODUCTION 

In comparison with most other machining processes, 
grinding has received far less attention by research 
workers This is no doubt due to its inherent complexity 
However, the trends towards ever increasing precision in 
manufacturing, use of various types of materials, some 
of them even difficult to machine, and the smaller stock 
allowances on primary shape are now stimulating further 
interest in this machining operation 

This process is unique, since iL depends on the 
action of individual grains of very hard abrasive materials 
such as Alumina, Silicon Carbide, or even diamond, held 

a 

together by^bonding agent It is basically a chip forming 
process, but very brittle work materials may disintegrate 
into dust particles The chips are produced by the slightly 
protruding portions of numerous irregularly shaped and 
randomly spaced abrasive particles. Thus the dimensions 
of the chips formed under a particular set of grinding 
conditions vary widely In typical precision grinding 
operations, the chips are thin and narrow, but under 
stock removal conditions such as billet grinding, the 
chips can be as thick and wide as those obtained in 
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multi-tool cutting operations like milling If sparking 
occurs, as during grinding of mild steel, the distribu- 
tion of chip sizes available for e^^amination is affected 
by preferential ignition or melting of the thinner chips 

The dimensions of the deformed grinding chips 
for a particular set of grinding conditions depend on 
several factors One is the number of cutting elements 
per unit area of the wheel surface that are present in a 
layer whose thiclcness is related to that of the thickest 
chips produced. This includes not only the relatively 
few particles that would contact a smooth, flat surface 
when the wheel is rolled over it, but also those particles 
that do not quite extend this far and yet happen to be 
favourably situated to produce chips The deeper a grit 
IS below the outer most surface of the wheel, the higher 
IS the probability that an abrasive grain will not 
contact the work piece This is primarily because a 
more protruding grain immediately ahead of it has already 
removed the material 

The elastic deflects on of the bond posts holding 
the grains in place, caused by the forces acting on the 
wheel is another factor that affects the location of 
some of the grains and hence their availability for 
cutting^l’^^ Jilso, more than one cutting elements may 
be present on, individual gram, so that the number of 
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chips produced by that gram will depend on the deepest 
cut it liappens to take Finally , the chip dimensions 
will depend on the extent to which it is deformed as it 
IS being produced 

Not all grains that come in contact with the work 
surface will produce chips When there is insufficient 
interference between a gram and the work, a ploughing 
action may result in which the metal is pushed aside and 
some of it comes off as irregular and highly distorted 

(tis ■) 

particles without chip being formed^-^^ The shape of the 
cutting element is one factor in determining whether 
cutting or ploughing takes place Some abrasive grains 
will not be in position to more than deform the surface 
elastically, in which case there ^^l’lll only be a rubbing 
action without any metal removal 

12 0 THE INFLUENCE OF UNDEFORJIED CFIP-T hICMESS IN GRINDING 
In grinding, a number of researchers have investi- 
gated the significance of undeformed chip thickness which 

may be derived directly from the grinding conditions, on 

(4- G 6) 

the grinding output ’ ’ The important grinding outputs 
are, grinding forces, Specific energy, J»elative wheel 
jciardness. Wheel wear, surface roughness (finish), and 
grinding temperatures* 
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1.2 1 GRINDIMG FORCES AND ENERGY 

Specific cutuing energy ( u ) is a useful concept 
in turning and other metal cutting operations since it has 
essentially a constant value for a vide variety of cutting 
conditions If specific energy is known for a given 
tool-workpiece combination, then the cutting forces 
corresponding to a wide variety of cutting conditions may 
be readily calculated or vice-versa Specific cutting 
energy is an equally important quantity in grinding 
While u IS essentially independent of the undeformed 
chip thickness in single point cutting operations, it i-s 
functionally related to the mean undeformed chip size, 
in grinding In the practical grinding range, it has been 
shown that 

u = k^(t)-“^ (1 1) 

where k’ls constant for a given wheel-workpiece combina- 
tion, independent of chip thickness* The value of n has 

been shown to be approximately equal to 0 9 fine 

( 7 ) 

grinding and o 5 Tor coarse abrasive machining 

The ( u ) vs (t) plot IS valuable, since it 
enables horsepower (P) and force requirements to be 
estimated for any combination of operating variables, 


or vice-versa. 
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The forces acting on a grinding whoel have heen 

/ r> S 

discussed loy Marshall and Sha¥^'-'\ The follouiiag equa- 
tions liave "been suggested for ostimating these forces : 


~ u h d 


( 1 . 2 ) 


Fn = la J’t 


(1.3) 


Here F^ and F^ are the tangent.lal and norraa-1 
coriiponents of grinding force , v and V are tlio tahle and 
wheol speeds, b is tho uidth of cut, d is the wheel depth 
of cu4 and is a constant. 

For a particular conib-ination of wheel -workpiece 


and klneraatlcal conditions, it can be shown that these 
forces are function of undeformed chip thickness. The 


equation for maximum unde formed chip thickness ( t) 
surface grinding ( Fig, 1) can be wiatten as^®^ 

I 4 V fd 

vcT'-.’ 5‘ 


for 

(1.4) 


where r is the ratio of wj.dth of cut and ^lean undeforned 


chip thicknoss (t), G is the niimbeor or v-.-iaLULiig grits per 
unit B.roa of the wheel surface and D is the ’trlieel diame-ber* 
The specific energy (u) can be e^7alua ted from 


, Zihl 
^ " vbd 


(1.5) 


Using e quqtibhS ( 1 ,4) and ;(1«5) , e qua tionb ( 1 ,2) and 
(1,3) re duce to 
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- 11+2 

F-t = IC3 (t) 

^ 2 
Fn = k4 (t) 

iTheire k 3 and are constants. 


( 1 . 6 ) 

(1.7) 


1.2.2 RSLATI7F I'niESL 'flARDI'T^SS 

The mean force actjjig on a single alcrasive 

grain in grinding wheel is of importance .in relation to 

wheel hardness and fracture or attritious wea.r of aloras-ive 

(4) 

grains, It has loeen shown by Reichenbach et al that 
the mean tangential force Fg on a gra.ln nay be obtained 
by the followjjig equation 


or 



_ “h+1 

Fg=k5(t) 


(l.S) 

(1.9) 


aquation (1*9) has been derived with the help of equation 
(1.1), Here kg is a constant. 

This indica-fces tlmt the mean tangential force j 
Pg, or the maximum force appro.ximated equal to 2 Fg is 
a function of unde formed chip thiclaie ss. Since it has 
been shown that 11 <.1, the exponent of t in the oqusition 
(1,9) Will always have a positive value. By increasing . 
the value Fg i,e, by increasing the undeformed chip 
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thicl-cness a given wheel may be made to behave as ’’Soft"# 
Therefore , the principal ways of decreasing the effective 
hardness of a grinding wheel are 

1) To increase the work speed (v) 

2) To decrease the wheel speed (V) 

3) To decrease the number of cutting points 
per unit area (G) on the wheel face by 
dressing or by changing tho grain size or 
gram spacing 

4) To increase the wheel depth of cut (d) 

1.2.3 SURFACE ROUGm^ESS 

A major source of roughness of a surface ground 
on a stable machine will be the scallops left behind due 
to the finite spacing of successive grains. If all active 
grains extend the same distance from tho wheel surface 
then plan view will consist of an array of very slender 
diamond shaped scratches (Figure 2). The point of all 
diamonds will lie in tho same plane in this idealized 
model It has been shown by Snoeys^^^ that average 
roughness for a particular wheel-work combination and 
constant kinematical conditions, is a function of mean 
or maximum undeformed chip thickness which in mathematical 


form can be stated as 


(1 10 ) 



where is the maximum pc ah-to -valley height, R-j and 
are constants lor a particular grinding ratio and stock 
removal conditions 
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With spark out this is of bho form 

( t ) (111) 

'I 

where R^ is a constant 
12^ VroEEL WEAR 

In grinding, \roar is an integral part of the 
process, and a wear rate that is too slow can be more 
undesirable in its consequences than a rapid one Generally 
throe types of abrasive wear are identified They are 
(i) 2Lttritio»s wear, (ii) ftacture wear, and (iii) 'bond 
failure 

Attriticus wear is wear of small magnitude in 
which flat surface is produced by mechanical or chemical 
action, on the portion of the abrasive gram that comes 
in Gontacb with the workpiece Grain fhacture is a 
sharpening mechanism in which a nevr cutting edge is 
formed by fracture of an individual abrasive grain 
During bond failure, the entire remaining portion of an 
abrasive grain, or aggregates of several grains, are 
removed from the grinding xfheel matrix by mechanical 
failure of the supporting bond posts^"^^ 
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lyfe-ny parameters have been used to study abrasive 
wear One paiamoter used is ratio of volume worn out per 
unit sliding length to the total normal load Mathemati- 

(Q) 

cally this has been represented as 

V 1 

o __ o _ I 

LF.Q LK^F^ ~ (Constant) u 


or 


ZcL. = k. ( ^ 

LFn ^ 


(1 12 ) 


where and L are the volume worn out of the grinding 
wheel and sliding length, respectively 

Thus it indicates that this wear parameter is 
also a strong function of undeformed chip thickness 
Equation (1 12) also implies that this parameter will 
have different values for a particular x/heel-work combi- 
nation, depending upon the types of grinding (rough or 
fine grinding) 

Another parameter introduced to illustrate abra- 

(10 11 1 ? 1 *^^ 

sivo wheel wear mechanism is duo to Hahn ’ ^ j which 

he called as "Metal Removal Parameter" ( "X ) It is defined 

as the ratio of the rate at which material is removed in 

grinding (M) to the normal force (F^) on the grinding 

wheel. Thus A can be expressed as, 



A 


(1 13) 
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as 


In terms of specific energy this can he written 


> iz! 


(1 1 ^) 


Where is constant 

Thus for a particular -vrork-wheel comhination and 
kinematical conditions, 

7\= kg (t)^ (1 15) 


where kg is constant is therefore, directly propor- 
tional to the wear parameter This equation also, like 
the previous one, is a function of moan undeformed chip 
thickness 


Another parameter specifying wheel wear has been 
introduced by co-operative research group of the C I R P 
Grinding Committee It is the rate of metal removal 
per unit time ( Av') between two dressing cycles It 
has been shown that this parameter is also a function of 
undeformed chip thickness and the relationship is of the 
form 






(1 16 ) 


where and the exponent S are constants for a particu- 
lar wheel -workpiece combination and kinematical conditions 
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I 2 5 GRINDING TEMPERATURES 

Aside from the surfaco roughness aspects, the 

surface integrity of ground surfaco is equally important 

( 1 ^) 


It has Peon shown'’ that roughly 85 ^ of the total 
grinding energy is dissipated as neat flowing into the 
workpiece It is the main cause of structural damage and 
occurence of tensile residual stresses 

In order to determine the dominant parameter in 
this respect, the grinding ’orocoss has boon analysed 
using a moving band heat source as described by Jaeger 
This model has been shown ^ to be reasonably accurate for 
estimating the workpiece temperatures during surface and 
cylindrical grinding This analj^sis gives the maximum 
temperature of the workpiece (Tjjjg^x) ? 


( 15 ) 


^max “ ^k ° 


(1 17) 


where T^^ is the temperature at the surface given by the 
expression 

0 0 

is a measure for its decay rate belovr the ground 
surface and is given by the expression, 

2j, = 2^ Ct)° (1 19) 


where T^ and are constants, Z is the depth under the 
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surfacG of the workpiece, and k are the thermal 
diffusitivity and heat conductivity factor of the materials, 
respectively 

This expression for the maximum temperatur 
indicates that it is also a function of undeformed chip 
thickness 

It can thus he concluded thst undeformed chip 
thickness plays a yital role in grinding The magnitude 
of mean undeformed chip thickness depends on the kinematic 
conditions such as work speed (v) , wheel speed (¥), 
wheel depth of cut (d), wheel diameter (D) , surface topo- 
graphy represented by number of cutting edges uer unit 
area (C) and tho ratio of width of individual scratches 
to the moan undeformed chip thickness (r) Some of the 
factors influencing t such as v, V, d, D may be controlled 
easily but number of cutting edges per unit area (C), 
and the ratio i cannot bo predicted accurately In the 
expression for dotermination of undeformed chip thicluess 
(t), equation (1 U-) , some simplifying assumptions have 

been made, such as constant number of cutting edges per 
unit wheel surface area, constant distance between two 
succeeding cutting tips along the periphery of the 
wheel, and constant distance of cutting edges from the 
axis of the grinding •wheel These simplifying assumptions 
reduce the grindirg process to a multi-toothed milling 
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process with large number of cutting points and small 
depth of cut But it is unfortunate that the principle 
of milling process does not apply to the grinding process 
Dug to random cutting geomefcry, the orientation of cutting 
grains on the surface may be totally unsuitable for chip 
formation Some grain will lie too far belo/ the general 
level of the neighbouring gram to contact the metal, 
while unfavourable geometry may cause others to break off 
on first contact with workpiece j or only slide rather 
than form chip It iras also shorn by Nakayama and Shaw^ 
that the number of active cutting edges decrease very 
rapidly at small undeformed chip thickness. 

I 3.0 PRESENT WORK 

Although the undeformed chip thickness is the most 
important parameter in evaluating the grinding performance, 
specific energy, wheel wear and temperature are actually 
influenced by the forces acting at the wheel-work inter- 
face This force is the cumulative effect of forces 
acting on lndlVld^^al grain in the interface region While 
specific energy and temperature are directly related to 
the grinding forces in the form of mechanical energy, the 
wear mechanism of a wheel depends on the force on an 
individual gram Depending upon the magnitude of this 
force, the wear may be attriticas or fracture in nabure 
Thus the knowledge of the magnitude and variation of this 
force with grmding conditions is of paramoimt mterest 
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from the point of view of perforrunce of grinding wheels 

( 8 , 17 ) 

Many attempts have heen made to measure 

these forces during grinding several grains act at 

the wheel-work interface In order to understand the 
mechanics involved in the process, it is necessary to 
study the grinding force on an individual giain '' ery 
little appears to bo known about this aspoc' primaiily 
because of difficulities involved in accurate mcasuromonts 
of forces of very small magnitude ( 1/2 kg) acting for 

a very short time (\oo/i sec) 

In this study an attempt has beon made to measure 
the forces acting on an individuaj. grain wi'^h tho help of 
an accelerometer. Tho over cut fly~milling techniauc 
has been used where tho grinding i/hool is replaced by 
an aluminum disc with a grain attached to its periphery 
The grain removes a chip like in surface grinding 
Special technique had to be developed for mounting grain 
(approximately 1 mm in diameter ) on tho aluminum disc 
The work was then extended to study tho effect of various 
paramotors on forces acting on an individual grain 
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II 1 

The action of a single abrasive grit embedded in 
the suifaco of a grinding wheel may be approximated by one 
of throe separate flymilling operations where the milling 
tooth is replaced by a single grit mounted on the periphery 
of a circular disk The three flymilling operations are 
(i) Plane, (ii) Overcut, and (iii) Pace flymilling as 
shown in Fig 3 

In plane flymilling the grit experiences a large 
dynamic shock load during each revolution of the disc 
During face flymilling the length of cut is much greater, 
and closely resembles the situation in the abrasive cut- 
off operations In over-cut flyrailling, the length of 
engagement axjpx o Klmate s wore closely to that which exists 
during horizontal spindle surface grinding 

Since ovorcut flymilling closely resembles fine 
surface grinding operations, this operation was selected 
to study tho cutting action of single grit 

II 2 experimental set up 

The cutting was performed on a H M T horizontal 
milling machine having specification shown in Table 1 
An aluminum disc of outer diametei and thickness of 
2^0 mm and ^ mm respectively was mounted on the spindle 
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of the milling machino Tho outer periphet^y of the 
aluminum disc boro two diametrically' opposite tapped 
holes for attaching a single grit mounted in the ca'vity 
of the socket head scre\/ The workpiece was held in a 
vice and traversed horizontally so that tho cutting action 
was similar to that in surface grinding or in overcut 
flymilling The general arrangement is shown in Figure B 

Before cutting, the sierfaces of the workpiece was 
ground to a fine finish and taper of 1 mm in 127jmn and 

I 27 mm« in 254 - mm w§re provided at the top and side 
faces respectively covering nearly half of the entire 
surface area of the faces A sharp clearly visible 
line separated tho taper and tho flat faces as shown in 
Figure 3 (C) 

II 2 1 MOIMTIBG TECHNIQUE OF THE GRAINS 

Nijmber size gram of black AI2O3 were used 
Tho grain was mounted in the head of a small Allen head 
screw by use of two cements After cleaning the Allen 
head with Acetone, the cavity vas coated with a thin 
layer of oxpoxy cement (Areldite brand) and then filled 
with (Electric Register No 63 ) ceramic cement 

The gram was then lightly pushed into the cement and 
air dried for ^ hours 
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II 3 dynamics md design of dynamometer 

For the oxporuiiGTital ostunation of tho grinding 
forces duo to cutting action of abrasive grains, it is 
essential to measure the impulsive force of low magnitude 
(approximatelv 1/2 kg) which actc ai tnc individual 
cutting edges for a very short time (appro^amately ^0 sec) 
The dynamometer shoula, thurefore, be capable of measuring 
such impulsive forces witn some acceptable degree of 
accuracy The dynamometer thus cV&sgned should incor- 
porate tho following basic featmes 

Influence of the dynamometer on the system under 
observation should be minimum i e tho instantaneous 
history of the set grinding depth of cut should not bo 
changed, thus affectin'^ the grinding parameters From 
this view point it is ideal that the dynamometer be so 
rigid as not to be deflected appreciably by the working 
force and at tho same time be able to detect that working 
force precisely Shiozaki and Miyashita'^'^^) have shown 
that for minimum influence of '^hc dynaraomuter on the 
system under observation, the static rigidity (km) should 
satisfy the following condition i e 


km 


<- 


2D^ 


X cutting force per unit depth of cut 

(2 1 ) 


Assuming, the cutting force (normal component) per ir-ucron 
depth of cut to be of the order of 100 g (16), aiid 
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damping factor of 0 7j(16) 

0.07 kg/^M (2 2) 

In order to make the dynamometer have static rigidity 
enough to meet equation (2 2), it is necessary for the 
stiffness of the support of the workpiece to he high 
Assuming the support of the workpiece to be a fixed beam 
as shown in Figure the static rigidity of the support 
(km) equals to 2^4 kg/ yULM, which satisfies the equation 
(2 2 ) 

Influence of the dynamometer on the cutting force 
applied to the workpiece is another features of paramount 
importance The response of the dynamometer should be 
least affected and should correspond accurately and faith- 
fully to the input cutting force 

The schematic diagram of the dynamometer used during 
the present investigation is shown in Figure ^ in which 
a Piezo-Electric-Acceleroraeter (Type 4334, S No 301251, 
manufactured by Bruel & K^aer , Denmark) having calibrated 
undamped natural frequency of 48 KHZ has been used. For 
a practical treatment, the dynamometer can be assumed as 
equivalent to a single degree of freedom system inside a 
case which has been fastened rigidly to the vibrating 
system through which the cutting forces are transmitted 
as shown in Figure 5 
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Applying Ne-wton's second law of motion to the 
equivalent system for the dynamometer, we have 


mx = - c (x - X ) - k (x - X ) (2 3) 

s ^ 

where m, c, k, x and x are the mass of the vibrating 

O 

system, viscious damping coefficient, equivalent stiffness 
of the spring, absolute displacement of the mass from the 
static equilibrium position at any instant and displacement 
of the base from an equilibrium position at the same instant, 

respectively For the purpose of analvsis the cutting 

be 

force applied to the workpiece can;^ assumed to be harmonic, 
and in terns of displacement it can be represented by the 
equation, 

Xg = Xq ^in wt (2 4) 

where x^ is the amplitude of the harmonic force, w is the 
circular frequency of vibration of the cutting force 
Bqxmtion (2 3) can now be converted into a dimensionless 
form by substituting 


w^ - k/m 
= w t 

' n 


dx _ 
dt 

d X 
dt 


X =5 w. 


n 



dx 





(2 5 ) 
(2 6 ) 

(2 7 ) 


(2 8 ) 
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and I>> ^ ^2 9) 

where is the dimensionless time, is the ratio of 
the cutting force frequency to the undamped natural fre- 
quency of the accelerometer and Dj^is the damping ratio 
The equation (2.3) no\r takes the form of 

x" + 21^’ + X = x^ + 2D x^ Cos (2 10) 

The co-ordinate x here yields the measured displace- 
ment of the mass m compared with an inertial system It 
IS difficult to measure and the output voltage is not 
proportional to this displacement and thus is of no 
interest. For our purpose the relative motion Xj^ of the 
mass, m, compared with that of the "base will he of interest 
The output voltage of the accelerometer obviously corres- 
ponds to this relative displacement 

Thus Xp = X - X (2»11) 

o 

Substituting equation (2 11) in equation (2 10), we get 

2 

x^ + 2 Dj^x” + Xp_ = x^ 0^ ^inl^^ (2 12) 

The general solution of this equation is obtained 
as the summation of the solution obtained for the free 
Vibration (complementary function) and a particular 
integral It can be shown that the general solution of 
the equation (2 12) will be of the form 





% = ^ ( '»l r - V-) + 


-D 

A e ^in 


J 


1-d|)^^^T + 0] 


(2 13 ) 


where V is the iiiae;nification or gain factor, given by the 
equation 


7 ^ = 


, 2 

1 

TV 


1 - x\ 


1/2 


and Ijy IS the phase angle, given by tho expiession 

ian Y' = — ('*T (2 ii|,) 

1 - ,^2 

A and 0 are constants \diich can be detenmned from the 
initial conditions Considering initial conditions of 
Xj^(o) = o and Co) = o the constants A and 0 are 

V^Y^in^V> + (tan 0 ^in''S,t - 


(2 10) 


X 


o 


^ec e Cos )' 




1 


an 0 = • 

tan Q ~ Q Cot^ 

where tan 0 = 


(1-I>|) 


2 ^i 75 


(2 16 ) 
(2 17 ) 


These equations may be further sixiiplifiel by considering the 
actual damping ratio D^utilised by the acceleiometers, amd 
tho frequency ratio * Most acceleiometers utilize 
damping ratio near T)^ 0 7 ^'' 9 ) T,rhieh not only extends the 
useful ftfequency range but prevents phase distortion and 
the factor 

A 

!™ remains equal to 1 for frequency 

[Tl- ^ 2 ^ + 1 + d 2 ,2j 

latio range of o to = 0 2^^ 9 ) 
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In case of overcut flymilling the length of cut (1) 
IS given hy the e^prossion 

Itr/oT (2 18) 

where D is the wheel diameter and d is the i/lieel depth of 
cut The cuttii^ uinc (T) for a single cut is given by 



where V is the peripheral velocity of the cutting edges 
considering tho T/iiecl diameter of 26 V mm, rheel depth of 
cut of 0 02^ ran, nncl other cutting conditions shorn in 
Table the frequency of t he cutting, force comes to 0 162 KSS 
The frequency rat 30 then is equal to 
= 0 003V8 

or 


Substituting in equations (2 1V), (2 15), (2 16) and (2 I 7 ) 
we get 

= o 


Q 


rf /2 


<p = 

A = 


o 

- 


d.-nC'n 

Substituting thi'" equation (2 13) is transfornrel to 




Xq w 


■w; 




in - 


AL 


t 


n 


W (1-d2)V2 
n ^ 


e 


,2 s 1/2 


/Sxn (1-1^) ''X* 


(2 20 ) 
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This (Equation shows that for subcritical tunning 
the vihroipeter functions as an accelerometer It 
can also be seen that the nagnitude of the second term 
in the square brackets i^ snail enough in comparison to 
the first tern Since the i xistm-nent is tuned to a high 
frequency, the mass follows the motion of tne base of 
the instrument auasi-sbatically and the accelerating forces 
of the mass are measured by the spring system Thus the 
system can be used as a dynamometer where the applied 
force IS proportional to the defMection of the spring 
The output voltage is uroportional to the force apolied 
to the piezo-electric element and in turn proportionate 
to the output response Thus, 


V(t) F^Ct) 


(2 21 ) 


and F^(t) p: k 


(2 22 ) 


^rhere F^Ct) is bhe iorco dcoing on the piezo-electnc 
crystal and Y(t) is the corresponding output voltage 
Substituting from the equation (2 20), we have 


Fo(t) 


m X w^ Sin vrb 
o ! 


w e 


"I^nt 


W„(1. 


■H) 


1 /2 


^in w^t 


(2 23 ) 


This equation shows that bhe force response F^Ct) 
of the dynamometer may comprise the erratic damped ripple 



2 ^ 


2 1/2 

of frequency (1-Dp shown in Fig 6 These 

caUj however, be reduced to negligible values by employing 
accelerometer of high natural freqiency but at the cost of 
sensitivity Figure 7 shows the CRO traces for the normal 
and the tangential force components of the grinding force 
which very well corresponds to the theoretical output 
response given by the equation (2 23) and also corresponds 
to the input force F(t) = F^ Sin wt 

It IS clear from the foregoing analysis that this 
arrangement with accelerometer can be utilized for measuring 
impulsive forces# 

II 3 1 CALIBRATION OF DYNAM0I4ETER 

Figure 8 &LeiWs the arrangements for mounting 
the workpiece on the dynamometer and the general view of 
the arrangements for measuring the cutting forces F^^ and 
F^# The principal axis of the accelerometers was adjusted 
carefully so that it was always along the line of action of 
the applied cutting force In this situation, the cross- 
sensitivity remains less than 2^ 

The method adopted to calibrate the dynamometer 
consists of Impinging a stainless steel ball with known 
velocity against the workpiece and recording the signals 
from the dynamometer on a storage oscilloscope, (Type 
564 b, TEKTRONIX) Figure 9 shows the block diagrams for 
the measuring arrangements of the output response Table 2 
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slio-ws the specificatiops of the elements of the measuring 
arraugeinent & lo impinge uh.. ball irith hno\'mi velocity 
against the workpiece, the ball was dropped iron a hio\m 
height with no initial velocity Figure 10 shows the ball 
dropping device which gives good results The ball can 
be placed m position accurately by nutting slip gauges of 
Inown thickness between it and uhe workpiece VJhen the 
yaws of the device are opened, the ball falls freely from 
the tapered yaws 

The impact force of a ball on the dynaraonet er is 
amenable to theoretical calculations Figure 11 shows the 
impact of two spheres in motion along the line joining the 
centres of the spheres As soon as tho spheres, in their 
motion toward one another , come in contact at a point o, 
rhe compressive force P begins to act and changes the velo- 
cites of the spheres If v^ and v^ are the values of 
these velocities, their rate of change during impact are 
given by iTpwton’s second Lai; of motion as 



dv^ 

“l dF 




; - P 

(2 


dv2 


(2 25) 

and 

"^2 dr = 

: - P 

where 

and m^ 

denote bhe masses of the spheres 

Let cL 


be the distance the two sphere approach to one another due 
to local compression at o, tnen the velocity of approach 
IS 



v^ + v^ 


( 2 . 26 ) 
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From equations (2 24) ■^nd (2 25) dave 



+ irig 
rti2 


(2 27) 


It 1 s assumed that the duration of impact is very long in 

comparison lath blie period of lowest modi, of vibration of 

the spheies Vibrations can, bhereforo, b_ neglected, and 

it can be assumed that the relation between force P and 

the distance of approach o( which has been established for 

(2 1 ) 

statical conditions ^ hoi ds during imnact and is 
given by 


n* o( 


3/2 




k. 


M 6 


Rg 


9 rr^ (k^4- k2) (R.J H-Rg) 

1 - 
TTE, 


( 2 . 28 ) 
(2 29) 

(2 30 ) 


*1 ^ 2 

and k 2 = — (2 31) 

Here R^ and R 2 are the radii, h and At are the Poisson's 
ratio and and E 2 the Young's Modulus of elasticity 
for the snheres Substituting equation (2 28 ) in equation 
(2 27 ), we get 


where 


ol =5 - n* n^ 
m-| + m2 


(2 32) 

(2 33 ) 


Equation (2.32) IS a difierential equation and can be solved 
for the value of approach o(.| at the instant of maximum 
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compression Tlio solution gives, 

?/5 


‘^1 


C 


n^ n^ 


(2 3 ^) 


where v* is the velocity of approach at the beginning of 
impact How maximum compressive force can be cstimatud 
from equabion (2 28) -'s 
P 


’max 


^ ^ 3/2 
n 


(2 35 ) 


Solving equation ( 2 . 32 ) for the duration of impact (T), 
wo get 


T = 2.9^ 


K1 

V 


(2 36) 


Table 3 gives the mechanical and physical properties of 
bhe cold-rolled mild steel workpiece and the stainless 
steel ball used for experiment 

Using this data, bhe expression for maximiin impact 
force (Pj^a,x^ reduces to 

P (lb) = 1 313 X h3/5 (2 37) 

whore h is the drop height m mm* 

r 

The calibration consists of co:^elating the maximum 
impact force at a particular drop height to the maximum 
output voltage recorded on the storage oscilloscope The 
calibration curve is given in Pig 12 It indicates that 
the meximm output voltage from the dynamometer is directly 
proportional to the maximum impact force The calibration 
constant comes to 152 2 mV/lb 
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II h- PRELIMINARY EXPEREMraS 

After completing the necessary design as discussed 
previously, the required components were fabricated and 
assembled as shoun in Figure and was tested for proper 
working After satisfactory performance ^ras acbir ved some 
preliminary tests were performed Figure 7 shows typical 
traces for normal and tanbOntial force components 

The actual depth of cut (d) during these and all 
subsequent tests was evaluated from the length of scratch 
produced on the tapered portion of the worl'piioce as shown 
in Fig* 3(C) The length of sc Latch in all ca^es was 
measured on an optical pro3octor (l4oY) x^itn a nij-cromcter 
base The least count available was 0 001 mm The maximum 
width of scratch (b) was also measured on the same projector 
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HE&ULT& AHD DIoCUSSIOT' 

A cliaracLrei istic le'^ture oi ^Hraoive grains used an 
the grinding vhcels is Lheir uncertain slc.pe and size These 
are not only randomly disbrihuted hut alo^ c’' ange continuously 
as grinding proceeds These grains heloiging to the same 
nominal size may give entirely different daLa under otherwise 
identical cutting conditions 

Results show a ^i/idc range of seal terint in the 
tangential (F^) and normal Force (F^) with cifferent grains 
scratching at the same depth , d (Fig* 13) x\ll these 
grains wore of Mess Size Ilf (nominal grain diameter 1 O 
tKiW • These fluctuations in the force data are apparently 
due to the wide rengo of fluctuation in the maximum width 
ol cutj h (Fig lA) Thus no meaningful result will he 
obtained from a plot of uangential force (F^) versus depth 
of cut (d) unless bho effect of variation in grain size is 
somehow eliminabed During actual grinding tangential force 
has boon found to increase wiili incr'^asDng depth of cut 
In a grinding wheel seieial gr iins cut simulfcanecusly thus 
the effect of variation in the size and snano of individual 
clams IS not imp orb an b 

It has been sho\m^^^^ that grooves cub by single 
grains in overcut flymilling are closely approximated by 
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circular arcs A "LyiDical Taly-'-vi* trace of such a 
t^roovcs IS shoun in f’j.g 1^; xhn grains on in aveiagc 
may he assumed. Lo he spliorical in ee and tlio raoius at 
the tip of t-hc giain/t:^ nay be ^-Iculited from 




d- ^ b: 
2 8d 


(3 1) 


Fig 16 shous the result obtained, in giG\ro analysis 

of a sample of si'^e grain^ It indic trs significant 

variation in gram diameter (g) and nonce 

Keeping these in viex/ the maximum tangential force 

F|. was plotted agannst the maximum cross-socrional area of 

chip (Fig 17) This chip cross-sectional aroa, A, has 

^ds/^ 

been taken to be (2/^ — ) For this plot a close 

N '■[) 

class interval of the cross-seotional area (A) is chosen 
Best straight line using least square method gave the 
1 elationship as 


■t. 


.0 93 


(3 2 ) 


where F.j.^ is a consuan 

Thus the t'^ngcntial force is 
a function of the chip area of cut end ulms relitionahsip 
could be approximated as 

F^ ©( A (3 3) 

This agrees ^/ith uhe assumption first proisosod by Alden^^^^ 
to o’^plain the behavioui of grinding wheels Many subsequent 
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invG uigatc rs ha'vo uaerl this assuznotioi itl ont 

vorifyine it Gxt)orimoni ^11/ Equ -Gion (3 3) also irplies 
that IS nob only a iimction of dspba of cut (d) but also 
a fimobion of absoliito gram size 

Ihus to climmato tl ^ cffcot of an non in min 
“^izr from tho face data it is reasonable to assunc that all 
cuts wore made with a grit of a constant cj p radius ( '^ ) , 
adjusted to laving a iiodifiod aepth of cut (dj-^), such thai 
the maximum area of cut remams the sane The grain rip 
radius ^ was obtasned using the equation (3 1), which 
approximate the snapo of the grains to bo spherical The 
constanL tip radiu^ was chosen to be txic mean tip radius 

pdf' 

(87 8 X 10 inch) obtained This mean tip radius comes 
bo bo of bho same ordoi as that given by 


r 


whore S IS bhe nominal gxsin size 
equation 3 gives a vslue of 101 
depth of cut djj^ bhus follow^ from 


0 041 

0 53 


( 28 ) 


(3 ^) 


For size grain 
-d- 


^ 10”"' inches 
Lne G pxCbSion 


llodifs ed 


and 



(3 5 ) 


= 101 


X 10”^^ 


xncii 






d 


(3 6 ) 
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r t 

(101 X 10“^)^^^ 


(3 6a) 


where is tho conectod wndeformcd c'''^lp thichncss 
Using equation (3 6a) the corrected wheel donth of cut 
can ho obtained Again a close class interval has been 
chosen for obtaining the variation of F-t x^ith depth of 
cut (Fig 18). Least square curve fitting gave the 
relationship to bo of the form 



Referring to equation (1 6), it shows that tangential 
force IS only a function of undeformed chiclmoss But the 
experimental results show that tangential force (F^) is 
not only a function of the undeformed chip thickness, but 
also of the grain tip radius The apparent discrepency 
between the results may be attributed to the variation of 
grain tip radius As the cut proceeds, wear flat develops 
thus increasing the grain tip radius It is assumed 
that fracture wear does not take place Equation (3*8) 
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further show.. I hat for a consbant undoformod chip thickness 
and thus for a constant wheel depth of cut, the majcimm 
tangonbial force increases, which corresponds to i-he ph/« 
sical situations 

Assuming bhe shear stress to he uniform over the 
enbire cros^.-soction of the undefoiiied cliip, tlu. shear 
stress ( ^ ) can evaluated from 

T = Y <3 10 ) 

Variation of with corrected undeformod chiptnickness 
(t^) IS shown in Fig I9 This yields the relationship 

-0 826 

'y = (3 10a) 

where is a constant The derivation of expression for 
undeformed chip thiclmess is given in Appendix-A and the 
corrected chip thickness has been ovraluatod by replacing 
d WDth the coriectod wheel depth of cut Expressing 
equation (3»10a) for shear stress in terms of actual undo- 
lormcd chip thiei-cncss using equations (3 6) and (3 9 )? wo 
get 

f -0 2069 .-0 826 

0^= To t (3 11) 

whole To IS another constant 

The specific energy, u, (energy required to remove 
a uiilt volume of material) can be evaluated from 

u= iTtl 

2 vbd 


(3 12 ) 



3 ^ 


When Ihis Is plobfcod against (Fig 20), tlii. follomn^ 
rolationsliip is obtained 


V 


u. 



832 


(3 13) 


whore Uq is i const-^nt Replacing in tciino of t and 
by ©quation (3 6b) wo got 

, ~0 208 - -0 S 26 

11 = Uq t (3 13 a) 

whoro and arc constants Eqiiations (3 H) and (3 13a) 

agree with the results obtained by Irmarogo and Broina^^^^ 

with spherical bools This in general also agrees with the 

results of BacRor ot al for the entire wheel whore the 

individual grains arc not considered but the average of all 

grains is taken xnto account 

The increase in specific energy with decreasing 

values of t, can bo explained in terns of ’size effect’ in 

(17) 

a similar manner as discussed by Back’ej? ct al for the 

grinding operations The general shape of the curve (Fig 20) 

(17) 

also agrees wibh those presented by Backer ot al At 

smaller values of t, ploughing and rubbing will also be 
significant and cause an increase in u 

In over cut flyniilang the cutting points (grits) 
produce grooves of boat like shape on the surface of the 
workpiece As indicated earner the transverse section of 
the groove be approximated by a circular Eire of radius p 
The schomabic view of the contact zone is shown in Fig« 21. 
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The contact stress ( hotv/Gon tho grains and the work. 


piGCG IS bhon given by 

8 Fn 

err = ”0 

^ TTb-^ 
and Aq s 


(3 1^0 
(3 1^a) 


whoro A IS the projected contact ^rea of tho grain 

Plot of maximum normal force with ma-^imum projected 
area of contact (Aq), (Fig, 22) shows that the t\ro aro 
1 elated and the rolation can be expressed as 

0 91 

I'n = 


where F is a constant Thus it is reasonablo to assume 

n© 

that F^ oC 4^* 

In order to show the effect of various parameters 
on tho maximum normal force F^, the depth of cut has been 
modified, kooping the maximum contact area to be the same. 

The constant tip radius for the grain was again taken to 

-A 

be 101 X 10 inches If wo proceed in a similar mannei 
as discussed earlier, tho expression for modified depth of 
cut (djjj) in this case can be shown to be 


dm 


^ d 

101 X 10' 


(3 16 ) 


Choosing a suitable class interval for tho modified depth 
of eut, tho mean values of the maximum normal force have 
been calculated in tho class intervals and plotted against 
the corresponding midpoint of the class intervals of the 
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modified depth of out in Fig 23 In this case also 
we get a relationship simil'^r to equation (3 7) as 




+ F. 


n 


f n 

whore F^^ and F^ ^re constants 
equation (3 17 ) reduces to 


(3 17 ) 

usiiig '^quatioi (3 16), 


F 

n 



+ F. 


n 


101 10 "^ 


(" 18 ) 


Fig 2^ shows the vnriatioi of for^'G ratio F. /F 

u n 

with modified depth of out It illustr'^tes that as 
depth of cut increast s, tnis r-'tio ■^Iso increases and 
also shows the dependence on the gram 11-0 ladius 

Fig 25 shows the variation of normal stress < 5 ^ 
with prelected area of contact This curve shows that 
CT^ remains almost constant excenu in the region where 
IS ver> small The increase in <12 with decreasin'^ 

u ri 

CDiitELCt are-^ at \rery sm-^l] values of c" 1 he attrihutod 
to the size effect and also to tne ruohaTig and ploughing 
action which become significant ii tl^s range The 
residual ■^tresses developed near uhe surface of the 
workpiece wnll also contribute to this hi order to under- 
stand this phenomena clearlv, tie maximuri normal stress 
has also been plotted igainst bho modified undeforaed 
chip thickness (Fig 26) This cu'>’ve also illustrates 
the same phenomena as given b/ the curve of Fig 27 
After the undeformed chip tlncknoss reaches a certain 
value (1U- X 10“^ inch), the contact stress remains more 
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or loss constant: but holm 14 x 1o incL, the normal 

Lros incrcasos uitli decrease in t, thus implying tho 

size oiroct in bins caso aloo Tic residual grinding 

stresses has been sbown to be futntion of tl normal 
( pn\ 

stresses^ '' and thab ho naxmum surface stresses 
sraallor foi heovy cues than for light cat Tne prosent 
ro suits clearly indicate tin nhonomon-^ 
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CONCLUSlOl 

TliG forcGs acting on an individual abrasive grain 
of ^ grinding wheel i of considerable inpoit-^nco since 
it not only affects the wcai properties of the meel oit 
it also indicates Lho ( nergy roLiuircnerito and tennerature 
rise Overcut flyniilling appeals to be a uscfii] tech- 
nique for evaluating abrasive gram performance under 
line grinding conditions Piezo-cloctric accelerometer 
appears to be a useful instrument for the purpose of 
measuring dyn'^mic forces during cutting with single 
abi asive grains It has been shown that the accelero- 
meter displacement is related to the input force and t lus 
calibration is linear over the required force range 
The method of calibrabing the accelerometer dynamometer 
by dropping balls from 'uioto heights giies consistent 
re mlt s 

Biperimonts indicate that tin. bangential force 
on a gram varies linearly wibb the chip C3 oss-sccticn 
aree The specific energy and shear force inci oases with 
decrease in chip size in the similar imnner as reported 
earlier for fine grinding Normal or contact stress on 
the othei hand remains more or loss constant with chip 
thickness except in the range of verp fine chip thickness 
whore it increases with decreasing chip size 
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APPENDIX 'i ' 


Undoformod Chip Tnickrioss 

OvcicuL flymilling is shown diagramatically in 

Fig 3 Hero tho aluminum disc Ai^ith abrasive gram 

atbacliGd to poriphory j-otatos \jxth a constant rpm N 

and tho workpicco is fed with a velocity v The geometry 

of the chip produced by assuming the centre of rotation of 

1 s shown in Fig ^ 

the wheel to move from A to B / The distance t B is 
equal to v/N, tho feed during one revolution of the 
yoi kpiocc 

From tho trianglo iCE, 

CE (B - g)^j 

therefore j DC = CB i- BE 

or DC = \/(S)^ - (3 - g? - i 

Fx om tho triangle BBQ, 

BC „ (BD^ h 
whore BD = ^ - g 

Tho undeformed chip thickness at any depth g, from the 
start of the cut is , 



^3 


t =: B « BC 
g 2 


1/2 


or 


D 

2 

D 


(2 . g)2 , ( ( 2,2 . (£ . 

1/2 

BD2 ^ S g ) + 


1 


Expanding and neglecting the higher order terms, 


b = 
g N 


I - « d) ] 


2 


1 (^')2 
D ^1'’ 


Substituting g = d, macimum undo formed chip thickness may 
bo computed* Thus, 

4. „ ^ ll ^dN2 


N ! D ''D 


0' 


V2 . 2 

- B (1)^ 

D 


Tho area of cut at any depth g is shown in Eig 4-, 

may bo considered as Uie area bet%reon t^o similar circular 

arcs displaced by a distance t Thus, if it is assumed 

g 

thab Lhc inslantaneous width of cub bg is large compared 
wibh the insuantancous depth of cut g, the ares of cut is 
given bo a good approximation by 


■ii.fi> b f 

g i 


g 


Substituting for tg and using tho relationship for the 
chordal length of i segment of a circle to give bg in 
terms of tho gram tip radius,/^, the area becomes 


A, 


■g 


4 


V 

N 


2 ^ (d-g) - (d-g)^ g 

g- 



uu. 


Dirrorontiating; wnth icspoct to g, ano cq^L<^tlng it to 
zero, g may be ovaliiabcd in terms of depth of cat d for 
maximum arc of cut Substitution in the relation for 
area gives the maximum area of cut as 



Eu'panding and neglecting higher order teims 



have 


we 


2 
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TABLE 1 

HINDUSTAi^ MILLniG JIAGHINE SPECIFICATION 


TYPE 

H3U 

MACHINE NO 

1772 

MANE 

HBIDUSTAI'J 1L4CHE]E 

TOOLS LTD 

BMGALOHE 31, 

UmiA 

L ongilrudxnal Traver s e 

900 mm 

Cross Traverse 

300 mm 

Vertical Traverse 

m 

Swivel of Tjble^ bo cithei side 


Number of speeds 

18 

Spinde speed, Range I 

15 “ 750 RPM 

II 

Number of feed'^, Longibudmil , 

19 -*960 RPM 

Cross, Verticil 

Feed rib os, Longitudunal and 

18 each 

cross 

10-^80 mm/rain 

Verb leal 

7 5 - 360 mm/min 



T\BLE 2 
(A) 
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ACCELEROIffiTER SPECIFICAflOlI 


T6PE 
S 110 
MAiCE 

Roleroncc Sensitivity at 50 Hz 
and jncluding 
CA13LE CAPACIJ^ 

VO LI AGE SEI'ISITB/TTY 
CTmtCrE SEFSinVITY 
Capaclby (including: cable) 
Maximum Transverse Sensitivity 
ab 30 Hz 
Physloa] 

\/oirht 
Malorial 
Envir onraonbal 
Shock Linearity 

Max. Shock Acceleration 
Magnetic Sensitivity 
(50-400 Hz) 

Accoustic Sonsibivity 


4334 

301251 

BRUEL & KJAER 
DEII liARF 

at 27°c 

105 pH 

6 mV /g 
58 9 pC/g 
1078 pE 

< 2 % 

30 grams 
30 grams 
Stainless Steel 
260°C 

3000 g typical 
for 200 ^sec half sine 
>/ave pulse or equivalent 
6000 g typical 

4 1AAV/gauss 
4^ 0 2 ^V//U, bar 
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(B) 


SaOIUGE OSCILLOSCOPE SPECIB ICATIOli 


TYPE 
S NO 
MAKE 


CR.T Type 

Plioephor 
WPitint' -^ijood 
Basic 
Enhanced 
Storage Time 
Erase T imc 

CRT C ithodc (AC coupled) 
Low-S dB Erocjuency 
llaxlmum InpuL volLage 
Remote (sLoiago) control 
Input 

Hall Screen Erase 
Pulse Initiated Erase 


Temper at lire 

Operating 

Line Frequency Range 


764b 
B 1734 27 

TEKTRONIX, Inc 
USA 

Electrostatic 
deflection 
8 X 10 cm 

At least 100 cm/ms 
Atleast 700 cm/ms 
One hour or less 
270 ms or less 

1 8 EHa or less 

170 V 


NegatiTe pulse of 
7V to lOOF 
Rate of change at 
least 0 IV/ 1^3 

0°C to + 7o°c 

48 to 44o Hz 



lYPE 



I'roqiioncy cliuacberisbicg 

2 llz bo ^0000 Hz to within j- 0 5 dB 
rolatiYe to 1000 Ha 


bon'^j Li-vaty Maximum 100 and minimum lOOOV 

tor full deflection on bhc indicating 
mo ber 


Motel Uangc Variahlo in steps of 20 dB« Accuracy 

within + 0 15 dB relative to position 
'*10 mV" and 1000 Hz 


Range Mulbiplicr Vaiiiblo in steps of 10 dB iccurocy 

within 0 1 dB relative to position 
"Xo.Ol" and looo Hz 
Wltliin 0 in the frequency range 
5<d|-0000 Hz, loaded with a load higher 
Lh'^n 500 -A- 


Disbortlon 
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VIIUIAXION 

lYPE 

tlAIvE 

Fiequoncj' Ranco 

Ampiification 

Max* Output volt ago 

Power supply 


(D) 

PICiC-UP PRIAMPLIPIER SPECIFIOaf lOII 

16o6 

BRUEL & KJABR 
DEN HARK 

0.2 Hz to lOOOOO Hz 
wit Inn ^ 0 5 d.B whon 
"Sensitivity Adjustment" 
is set to "0" 

l^Iaximum 38 dB anprox 
Vo It ag e ampli f i cat i on 
when set for accelera- 
tion measurement 
In condition "Accelera- 
tion" 20 V peek when 
"Sensitivity Adjustment" 
is in position "1o" 

100 to 24 o volts, 50 
or 6o Hz 



TABLE 3 

MECILLNICAL ALID PHYSICAL PROPERTIES OF 
UOKK-PIECE iilTO CYLIBRATION BALL 


Workpiece 


Miteriil Mild Steel 

R dius of curvature (mm) dO 

Woighb (gm) ^ 

Poisson's Ratio ( yU.) 1/3 

Young's Modulus (E) Psi 29 x 10^ 


Ball 

Stainless Steel 

1 7^ 

0 239 

1/9 

28 X 10^ 


TABLE If 

GUTTING CONDITIONS 


Grain Type 
Grain size 
lorkpiece Material 
Table speed mm/mDn 
Wlioel speed RPM 
Wheel Diameter mm 


Brown AI 2 O 3 
14 

Gold Rolled Mild Steel 

60 

2 ? 

264 
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